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Taek-Soo Lee, Min Jae Park, and Benjamin M. W. Tsui, Fellow, IEEE Ahstract-We evaluated the effect of relative phase-shift of cardiac and respiratory (C&R) motions in myocardial perfusion (MP) ECT. Previously, we generated a set of realistic 3D XCAT (eXtended CArdiac Torso) phantoms that model simultaneous C&R motions for use in the study of new data acquisition methods and corrective image reconstruction techniques for improved gated MP ECT, including PET and SPECT. The respiratory motion (RM) over a respiration cycle was modeled using 24 equally-spaced time frames while the cardiac beating motion (CBM) over a cardiac cycle was divided into 48 equally spaced time frames for each of the 24 RM phases. Almost noise free projection datasets were generated separately from the heart, blood pool, lungs, liver, kidneys, stomach, gall bladder and remaining body at each of the 24x48 time points using Monte Carlo simulation techniques that include the effect of collimator detector response, photon attenuation and scatter. To demonstrate the effect of relative phase-shift, a typical 99 mTc
Sestamibi MP SPECT projection dataset were generated. They were then scaled and combined to model different degrees of relative C&R phase shifting and grouped into 6 respiratory-gates with 8 cardiac-gates. Each projection was reconstructed using a 3D OS-EM without and with attenuation correction using an Recently, there have been clinical attempts for investigating the feasibility of dual cardiac-respiratory gating in emission computed tomography (ECT) acquisition [2, 3] . However, such a task is extremely complex due to the many parameters that it entails. Thus, we previously developed a realistic 40 simulation dataset that can model various cardiac and respiratory gating schemes to study the effects of the motions as well as to investigate optimal acquisition parameters, image reconstruction and correction methods for the dual gating study in ECT [4] .
However, even for simultaneous cardiac-respiratory dual gating, irregular motions generate phase shift, resulting in artifacts in reconstructed images. Although phase-matched attenuation correction is recommended to minimize the artifact, it requires patient movement during PET & CT imaging and additional radiation exposure for gated CT. It is reported that misregistration occurred up to 40% of clinical cardiac PETICT studies [5] .
In this study, we evaluated the effect of relative phase-shift of cardiac and respiratory motions in myocardial perfusion (MP) SPECT with and without attenuation correction using the dual gating dataset which includes simultaneous cardiac and respiratory motions.
II. PROCEDURE

A. The 4D Dual-Gating Dataset
The 40 eXtended CArdiac-Torso (XCAT) phantom was used to simulate a typical Tc-99m Sestamibi patient study ( The respiratory motion of the body excluding the heart was modeled by a total of 24 equally-spaced time frames of phantoms over a respiratory cycle (5 seconds). The body phantom includes six separate organs; lung, liver, stomach, kidney, gall bladder, and background body.
The beating heart which is consisted of myocardium and bloodpool was simulated separately with 48 equally-spaced time frames per cycle (1 second) for each of 24 respiratory phases so that we can generate any combination of cardiac respiratory gating schemes. An almost noise-free projection dataset was generated separately for the entire 3D XCAT phantom which includes the heart, blood pool, lungs, liver, kidneys, stomach, gall bladder, and remaining body using a long Monte Carlo simulation that include the effect of collimator detector response, photon attenuation and scatter. The separate projection datasets for body organs and the heart were combined to represent the complete torso of the body. Fig. 2 shows sample projection data.
The entire projection dataset is able to effectively model the simultaneous dual cardiac and respiratory gated ECT/CT. As 
C. Generation of Phase-Shifted Dataset
In this study, the entire 24 x 48 projection dataset was grouped into 6 respiratory gates with 8 cardiac gates to simulate dual gated myocardial perfusion SPECT data. To demonstrate the effect of relative phase shift, the projection data were then scaled and combined with different degrees of relative cardiac and respiratory frame shifting. Fig. 5 and Fig.   6 show phase shifting diagrams of cardiac and respiratory frames, respectively. 
D. Reconstruction and Evaluation of the images
Each projection was reconstructed using a 3D OS-EM without and with attenuation correction using an averaged and phase-mismatched respiratory gated attenuation maps. The image artifacts of the reconstructed images were compared by visual inspection of the myocardial perfusion polar maps.
III. RESULTS
The results of the cardiac and respiratory phase shifts with no attenuation correction were shown in Fig. 7 and Fig. 8 , 
IV. CONCLUSIONS
The simultaneous dual cardiac and respiratory gating dataset using the 40 XC AT phantom is a realistic and powerful simulation dataset for investigating optimal imaging parameters and developing image reconstruction and correction methods for clinical ECT/CT dual gating study. It also provides a powerful tool in the study of the effects of cardiac and respiratory motions with relative phase shifts.
Sample study shows that the effect of phase shift in respiratory motion is significantly greater than that of cardiac motion. This implies irregular respiratory motion with different time period will result in different phase shifts and different degree of artifact.
Attenuation correction using an average attenuation map can reduce the artifacts. While attenuation correction using respiratory matched attenuation map provides minimum image artifact, attenuation correction using phase mismatched attenuation map results in increased image artifact.
